INTRODUCTION
The degradation of insulin in vitro by insulin proteinase produces at least seven fragments, which are not easy to resolve completely in a primary separation step, given the rather small amounts available (Davies et al., , 1987 Varandani & Shroyer, 1987) . Identification of the degradation products, which is complicated to some extent by the two-chain nature of the substrate (insulin), has been performed by three quite different approaches. One approach involves a combination of N-terminal analysis and amino acid analysis of unlabelled insulin fragments (Duckworth et al., 1979; Varandani & Shroyer, 1987) . A second approach involves the use of 3H-labelled insulins as substrates, and comparison with standards during separations involving combinations of electrophoretic and chromatographic systems with and without cleavage of disulphide bonds by performic acid oxidation Davies et al., 1986 Davies et al., , 1987 . A third approach involves the use of radioiodinated insulin as substrate followed by Edman degradation to identify in which cycle radioactivity is released (Hamel et al., 1986) . Difficulties (Barber et al., 1981; Williams et al., 1982) .
We have applied f.a.b.-m.s. to the study of the products of the degradation of insulin with insulin proteinase. For one experiment we used insulins carrying stable-isotope substitutions in specific positions, and included small amounts of 3H-labelled insulins for control purposes. The results obtained confirm and extend those described in the previous paper (Davies et al., 1988) . The advantages and disadvantages of the use of f.a.b.-m.s. in such experiments are discussed.
MATERIALS AND METHODS
All reagents and solvents were of analytical grade or better unless otherwise stated.
Insulin of human sequence labelled with 180 at Lys-B29 was prepared as previously described (Rose et al., 1984) , except that procine insulin and the trypsin catalyst were lyophilized from 99 atom % H2180 prior to reverse proteolysis; this raised the incorporation of 180 into Lys-B29 to about 80 %. Insulin of porcine sequence labelled at Gly-Al with [2H21glycine was prepared essentially as described for the corresponding 3H-labelled analogue (Davies & Offord, 1985) . Degradation of insulin by insulin proteinase was carried out as described by Muir et al. (1986) with a full f.a.b. retro-fit (MScan Ltd.) and operated under control of a DS 55 M data system (Kratos). A mass spectrometric resolution of about 3000, an accelerating voltage of 4 kV and a scan rate of 30 s/decade were generally used. The f.a.b. gun was operated with xenon at about 9 kV and 7 ,#A. External calibration of the mass scale was achieved with a mixture of the iodides of sodium, rubidium and caesium (1:1:1 molar ratio). For analyses in positive-ion mode, the stainless steel target was loaded with 1 l, of a mixture of glycerol and 1-thioglycerol (2: 1, v/v) followed by 0.5,l of acetic acid; samples were taken up in 5 #1 of 0.1 % trifluoroacetic acid and about 1 1 was applied to the loaded target. For analyses in negative-ion mode, triethylamine replaced the acetic acid and the samples were taken up in water (after evaporation under vacuum of the 0.1 % trifluoroacetic acid used for analysis in positive-ion mode).
A simple computer program was written to generate the exact masses of all possible fragments of insulin of mass up to 1999.99999 (with and without disulphide bridges, with and without sodium cationization, and with and without linkage to one molecule of thioglycerol by formation of a mixed disulphide). The computation was continued beyond Mr 1999.99999 for fragments without disulphide bridges up to the mass corresponding to the complete chain. Tables (equivalent to 250 RESULTS AND DISCUSSION Separation of the degradation products by h.p.l.c. Fig. 1 shows the elution profile of the degradation of unlabelled porcine insulin. Fractions 1-8 were identified by f.a.b.-m.s. as fragments of insulin, as is discussed below. The information from two experiments, one of which involved the use of insulins labelled with stable isotopes, has been pooled in the discussion which follows. For this reason, a given fraction number always refers to the same region of the chromatogram as indicated in Fig. 1 , but the sample in question will sometimes have come from a different run to the one illustrated in Fig. 1 .
Mass spectrometry
Fractions 1 and 3 were found to contain residues B26-30 and B25-30, respectively. A computer-assisted search of the possible insulin fragments showed several possibilities for the masses found, 579 and 726 in positive ion mode, respectively. The assignment B26-30 and B25-30 was confirmed in an experiment where an equimolar mixture of porcine and human insulin (the latter labelled at Lys-B29 with 180 to an extent of about 80 %) was degraded, resulting in the production of twin peaks (Ii and lii; 3i and 3ii) for these two peptides, the threonine-containing peptide eluting earlier than the alanine-containing peptide, as expected. Figs. 2(a) and 2(b) show the mass spectrum of B25-30, threonine-and alanine-containing, respectively (m/z 758 and 726, respectively, taking into account the 180).
Fraction 2 gives a mass spectrum in negative-ion mode containing a strong signal at m/z 495 (Fig. 2c) . A computer-assisted search of all possible polypeptide fragments ofinsulin produced three possibilities: B 16-19, B2-5 and B1O-13, with masses 495.226, 495.231 and 495.256, respectively. Only B10-13 fits with the degradation scheme presented below.
Fractions 1-3 represent small (tetra-to hexa-peptide) fragments and so absorb at 214 nm, in molar terms, much less than do the larger fragments. This should be borne in mind when using Fig. I to assess their importance relative to that of later fractions.
Fraction 4 was found to correspond to the major degradation product as deduced from the results of nonmass-spectrometric experiments Davies et al., 1986; Varandani & Shroyer, 1987) . The positive-ion mass spectrum shows signals at m/z 1004 and 1353, corresponding to Bl-9 and A 1-13, respectively (Fig. 3) . (Fig. 4) , which is obtained in the presence of triethylamine and showed, as expected, a pair of signals at m/z 1353 and 1355 in the negative-ion mass spectrum (Fig. 5) . Fraction 5 was found to be a mixture (Fig. 6) . Signals due to Bl-9 (m/z 1004), B1-13 (m/z 1483), B14-24 (m/z 1228) and A1-14 (intrachain disulphide bond intact, protonated molecular ion 1516.6, plotted at m/z 1517) are evident. Assignments of m/z 1004, 1228 and 1517 were confirmed by mass spectrometry in negative ion mode, and the assignment of the signal at m/z 1517 was further confirmed by the appearance of a pair of signals 2 mass units apart when a mixture of insulins containing equimolar Gly-Al and [2H2]Gly-Al was used (results not shown). A computer-assisted search of the possible insulin fragments showed B14-24 to be the only possibility, giving rise to a signal close to m/z 1226 (exact Vol. 249 corresponding to A14-21 (m/z 1044 in negative ion mode) and B14-25 (expected at m/z 1373 in negative ion mode). At masses approaching 2000, there is an almost equal chance that a molecule of an organic compound contains at least one atom of 13C as no 13C (isotopic abundance 1.1 %). Even so, the intensity of m/z 1374 relative to that of m/z 1373 is greater than would have been predicted on a simple calculation of isotopic abundance. However, the spectrum shown in Fig. 7 had to be obtained with the instrument set at very high gain, and under these conditions counting statistics make the See the text for the interpretation of this spectrum. mass 1225.6) in negative ion mode. It is not clear with which A-chain fragment the fragment B14-24 is associated; perhaps the ionization of the corresponding fragment was suppressed by the higher surface activity of other fragments present in this mixture, an effect previously documented (Clench et al., 1985) . Fraction 6 was found (results not shown) to contain signals corresponding to A14-21 (m/z 1044 in negative ion mode) and B14-24 (m/z 1225.6 in negative ion mode).
Fraction 7 was found (Fig. 7) to contain signals relative intensities of peaks an unreliable guide. We conclude that ion statistics are responsible for the higher relative intensity of m/z 1374, which corresponds to the '3C-containing species, over 1373. Fragment B14-25 was confirmed in positive ion mode (Fig. 8) , where we see, as expected, a signal at m/z 1375. Fraction 8 showed a group of signals in the region of m/z 1852 in negative ion mode (Fig. 9) . A computerassisted search of all possible insulin fragments produced only one candidate, the fragment B10-25. The expected mass of this fragment in negative ion mode is 1850.92, which would be plotted at m/z 1851. For the same reasons discussed above regarding Fig. 7 , we conclude that ion statistics are responsible for the relative intensity of m/z 1852 being greater than that of m/z 1851.
No information was obtained from the small fraction 9. Either the material is non-peptide in nature or the masses of the fragments were beyond the mass range of our instrument at the sensitivity required for the analysis. If the latter possibility is correct, the small size of the h.p.l.c. peak permits us to conclude that it represents only quantitatively insignificant fragments: the larger the peptide, the greater its absorption at 214 nm.
Fraction no. 10 corresponds to the elution time of undigested insulin; precipitation of 1 ml of the initial digest, with trichloroacetic acid, had indicated a degree of digestion of about 50 %, so it is not surprising to find a strong peak in this position. The broad fraction (no. 11) evident near the end of the gradient gives no result on f.a.b.-m.s. analysis and is due to the enzyme preparation: it is present in incubations performed with enzyme but without insulin, and such control incubations show no peaks that elute earlier than this broad peak. Fragments found Fig. 10 shows the cleavages identified by f.a.b.-m.s. Two sites of cleavage in the A-chain were identified, one between A13-14 and the other between A14-15. Four sites of cleavage in the B-chain was identified, between B9-10, B13-14, B24-25 and B25-26. In all, three Achain fragments and nine B-chain fragments were identified (Fig. 10) . We have accounted for the whole molecule in the form of fragments, although we do not exclude there being additional fragments. For example, the fragment A15-21, which might have been expected given the cleavages shown in Fig. 10 , was not detected.
The results obtained confirm and extend previous work with insulin-degrading proteinase Davies et al., 1986 Davies et al., , 1988 Varandani & Shroyer, 1987) . Varandani & Shroyer (1987) identified a fragment which had the expected N-termini and (approximate) amino acid composition of A1-13 and B1-9 linked by an interchain disulphide bond. We did not identify B1-10, which was found by Davies et al. (1988) , possibly because the fragment was not present in high enough yield in the two digests which we examined. Fragment BI-3, also identified by Davies et al. (1988) , could not have been detected in the experiments described here (expected in positive ion mode at m/z 379) since we did not acquire data below m/z 400. On the other hand, we identified eight fragments (A14-21, B1-13, B1O-24, B10-25, B14-24, B14-25, B25-30 and B26-30) which were not identified in the above-cited paper because they do not contain one of the 3H-labelled residues (Al and Bi). Six of these fragments would remain inaccessible even if insulin labelled with 3H at B30 (the preparation and characterization of which is described in Davies et al., 1987) were to be employed.
CONCLUSION
We have demonstrated that a combination of h.p. 
